Human trisomies have recently been investigated using transcriptomics approaches to identify the gene expression (GE) signatures characteristic of each of these specific aneuploidy conditions. We hypothesized that the viability of cells with gross genomic imbalances might be associated with the activation of resilience mechanisms that are common to different trisomies and that are reflected by specific shared GE patterns. We report in this article our microarray GE analyses of amniocytes from fetuses with viable trisomy conditions, trisomy 21 or trisomy 18, to detect such common expression signatures. Comparative analysis of significantly differentially expressed genes in trisomies 18 and 21 revealed six dysregulated genes common to both: OTUD5, ADAMTSL1, TADA2A, PPID, PIAS2, and MAPRE2. These genes are involved in ubiquitination, protein folding, cell proliferation, and apoptosis. Pathway-based enrichment analyses demonstrated that both trisomies showed dysregulation of the PI3K/AKT pathway, cell cycle G2/M DNA damage checkpoint regulation, and cell death and survival, as well as inhibition of the upstream regulator TP53. Our data collectively suggest that trisomies 18 and 21 share common functional GE signatures, implying that common mechanisms of resilience might be activated in aneuploid cells to resist large genomic imbalances. To the best of our knowledge, this is the first study to use global GE profiling data to identify potential common mechanisms in fetal trisomies. Studies of other trisomies using transcriptomics and multiomics approaches might further clarify mechanisms activated in trisomy syndromes.
Background

C
hromosomal aberrations are associated with significant morbidity and mortality in the prenatal period and in early infancy. Since the 1970s, trisomies of chromosomes 21, 18, and 13 have been known to be associated with well-defined syndromes, namely Down, Edwards, and Patau syndromes, respectively. The affected chromosomes in these potentially viable trisomies contain the fewest protein-coding genes of all chromosomes and represent the lowest net dosage imbalances that can be tolerated during in utero development (Torres et al., 2008) .
Normal ontogenetic development is the result of complex regulatory mechanisms, which include adapted gene pool. Large genomic imbalances disturb these relationships and result in various clinically distinct conditions. Global gene expression (GE) analysis has the potential to identify the biological processes and pathways involved in numerous disorders in humans, including those in large genome imbalances.
Studies of the GE profiles in developing fetal or adult tissues in trisomies 21, 18 , and other aneuploidies have demonstrated both the dysregulation of specific regions of chromosomes that are present in three copies and the widespread dysregulation of genes in regions of the euploid genome (Altug-Teber et al., 2007; FitzPatrick et al., 2002; Hui et al., 2012; Koide et al., 2011; Li et al., 2006; Lockstone et al., 2007; Mao et al., 2005; Slonim et al., 2009; Stingele et al., 2012; Volk et al., 2013) . According to these studies, GE alterations cannot be attributed to dosage imbalances alone. Specifically, only few genes on the trisomic chromosomes show the expected 1.5-fold change in expression. Furthermore, several euploid genes show disrupted expression profiles (Disteche, 2013) .
Previously performed studies focused on identifying specific GE signatures that are characteristic to individual trisomic syndromes in humans. However, none of the reports centered on scrutinizing the mechanisms or pathways associated with differentially expressed genes that were common to various trisomic syndromes. There are evidences that although the viable trisomies include different sets of disturbed genes, they share some similar phenotypic and molecular characteristics. Notably, trisomic cells, including stem and progenitor cells, have an impaired proliferation rate (Hibaoui et al., 2014; Liu et al., 2015) , which might partially be associated with miscarriage in early pregnancy. About 50% of fetuses with trisomy 21 and up to 72% of those with trisomy 18 cases are miscarried (Morris and Savva, 2008; Witters et al., 2011) .
Therefore, we hypothesized that in various trisomic syndromes, common GE signature might directly reflect gene dosage perturbation or might be associated with activation of homeostatic resilience mechanisms and that these would be detectable by differential gene expression (DGE) analysis. To address this issue, we analyzed the global transcriptome profiles of amniotic cells of fetuses with trisomy 21 and trisomy 18 with the aim of identifying common GE changes and biological mechanisms.
Materials and Methods
Ethics approval and consent to participate
This study was approved by the Slovenian National Ethics Committee (No. 169/04/13). All participants provided written informed consent before participation in the study, and all clinical investigations were conducted in accordance with the principles expressed in the Declaration of Helsinki.
Cell culture samples
Amniotic fluid samples were collected between the 16th and 18th week of gestation (average 16 5/7, median 16 4/7 and standard deviation of 3, 5 days) for routine cytogenetic analysis. Cell cultures of amniotic fluid were grown according to standard protocols using the tissue culture flask method and commercially available medium (AmnioMax, Invitrogen, CA) at 37°C in 5% CO 2 environment. Following a routine diagnostic cytogenetic analysis, a second passage of amniotic cell culture was grown in the same condition as primary cell culture and used for total RNA extraction, 2-3 weeks after amniocentesis. The first sample set (sample set 1) included 19 samples, 10 that were derived from fetuses with trisomy 21 and 9 originating from normal euploid pregnancies. The second sample set (sample set 2) included 19 samples -9 that were derived from fetuses with trisomy 18 and 10 that were from normal euploid pregnancies. Clinical characteristics of the samples are presented in the Supplementary Tables S1 and S2.
RNA isolation
RNA was isolated from cultured amniocytes using the RNeasy mini kit (Qiagen) according to the manufacturer's instructions. The purity and yield of the isolated RNA samples were determined using the NanoDrop 2000c Spectrophotometer (Nanodrop Technologies, Wilmington, DE). The integrity of RNA samples selected for genome-wide profiling of GE was investigated on Agilent's Bioanalyzer using the RNA 6000 Nano Kit, and only samples with RNA integrity number values greater than 8.0 were used for the array experiments.
Global GE profiling
For the purposes of microarray analysis, we used the common reference design of the study: each experimental sample was separately hybridized against a common reference sample (Peng et al., 2003) . Trisomy 21 samples (10 biological replicates) and control samples (9 biological replicates) from sample set 1 were hybridized against a common reference, obtained by pooling all samples in set 1. Similarly, trisomy 18 samples (9 biological replicates) and control samples (10 biological replicates) from sample set 2 were hybridized against a common reference, again obtained by pooling all samples from set 2.
In all cases, the reference RNA pool was labeled with Cy3 and samples were labeled with Cy5. We used Agilent 4 · 44 two-color Whole Human Genome Expression arrays (GPL6480), which contain 41,001 probes for interrogation of over 19,644 human genes, to estimate the extent of GE alterations in investigated cells with trisomy 18 and trisomy 21. RNA sample preparation, labeling, and hybridization were performed according to the manufacturer's instructions (Agilent Technologies).
After hybridization, the microarray slides were scanned using the Agilent High Resolution Microarray Scanner System using the manufacturer's recommended scanning settings. Subsequently, microarray features were extracted using Agilent Feature Extraction software v10.7.3.1. Further analysis steps were performed using the limma package from Bioconductor v2.8 in the R statistical environment version 2.13.1 (www.bioconductor.org). Probe annotations were obtained from the Agilent's eArray service (earray.chem.agilent.com) and appended to the initial datasets. Before and after normalization, the MA plots, boxplots, and expression value density plots were investigated for diagnostic purposes. Probe replicates were median-averaged before additional steps and the final results contained gene-level expression levels. In this way, results from two different platforms could be matched appropriately in downstream analyses.
To minimize the batch effects and other confounding factors, we performed the analyses for both datasets separately and the final gene-and pathway-based results were compared between the two trisomies. In brief, statistical comparison of the expression values was performed using a moderated t-test approach as implemented in limma (Smyth, 2003) . Expression values were fitted to a linear model that accounted for the effects of trisomy status and differences between test samples and controls calculated by contrasting the two conditions in limma. Significance values and log fold-changes were calculated afterward, and p values were controlled for the issue of multiple testing by Benjamini and Hochberg method (Reiner et al., 2003) . Power analyses for microarray experiments were performed using Microarray power analysis calculator (http://sph.umd.edu/department/epib/sample-sizeand-power-calculations-microarray-studies), as previously described (Lee and Whitmore, 2002) .
Enrichment analyses
Several different approaches such as GeneAnalytics, DAVID, ingenuity pathway analysis (IPA), and gene set enrichment analysis (GSEA) (Ben-Ari Fuchs et al., 2016; Huang da et al., 2009; Kramer et al., 2014; Subramanian et al., 2005) have been used to address the issue of gene set enrichment. We used IPA (Ingenuity System, Inc.) in addition to basic enrichment approaches, since IPA characterizes GE data in terms effects of effect direction (i.e., genes' up-566 VOLK ET AL.
and downregulation are taken into consideration), rather than mere associations as in GSEA. Given a GE dataset, our main goals were to identify the causal mechanistic networks and upstream biological causes (upstream regulators) and predicted impact on biological functions. IPA analysis also determines whether such regulators are activated or inhibited based on the observed GE pattern and detects which causal relationships previously reported in the literature are compatible with the signatures observed in the expression data (Kramer et al., 2014 
Results
To analyze the differences in GE and in key processes that underlie the molecular phenotypes of trisomic samples, the microarray data from cultivated amniocytes with trisomy 18 and trisomy 21 were used for DGE and functional enrichment analyses.
Amniocytes carrying an extra copy of chromosome 18 or 21 showed considerable differences in GE as shown by a comparison of their transcriptional profiles to those of euploid samples. We identified 1328 (5.7% of the total) unique genes with statistically significant differences in expression in trisomy 18 (adjusted p < 0.05) and 513 unique genes (2.4% of the total) in trisomy 21 (adjusted p < 0.05). In both trisomies approximately half of the significantly differentially expressed genes were downregulated and half of them upregulated.
In addition, we compared top 1000 gene probes from the DGE data of trisomies 18 and 21 (adjusted p < 0.05) to detect genes that were common in both aneuploidies (Fig. 1) .
We found 41 genes that were significantly differentially expressed in both trisomies compared with normal controls (Supplementary Table S1 ), yet, only six of them showed consistent direction of dysregulation (Table 1) .
Power analysis in our experiment has shown that we attained power of 89% to detect logFC (log fold change) values of at least 1.5 when analyzing 10 samples in each group, under assumptions that 10% of genes are differentially expressed in our experiment, permitting 10 false-positive results and sigma parameter of 1.0.
Datasets of differential expressed genes of trisomies 18 and 21 with adjusted p values <0.05 were used for further analysis. Lists of genes with adjusted p values and logFC values for trisomies 18 and 21 were uploaded into IPA software (IPA; Ingenuity System, Inc.). In this comparison, we discovered enrichment of genes in the PI3K/AKT signaling pathway and of genes involved in the cell cycle: G2/M DNA damage checkpoint regulation with p values <0.001 in both trisomies (Supplementary Tables S4 and S5 ).
The genes associated with PI3K/AKT pathway and cell cycle DNA damage checkpoint regulation were downregulated with negative activation scores (z = -0.9 in trisomy 21 and z = -1.1 in trisomy 18 and z scores of -1.8 in trisomy 21 and -1.2 in trisomy 18, respectively).
Upstream regulator analysis showed that the TP53 gene was predicted to be inhibited in both trisomies with p values <0.001 (Supplementary Tables S6 and S7 ). In terms of biological functions, IPA enrichment analyses of both trisomy 18 and trisomy 21 differentially expressed datasets identified overrepresentation of genes involved in cell cycle, cellular movement, and cell death and survival ( p < 0.05). Differentially expressed genes involved in cellular movement and cell death and survival were downregulated, while cell cycleassociated genes showed a trend toward upregulation in both trisomies (Supplementary Tables S8 and S9 ).
In addition, in the group of genes associated with physiological system development and function, IPA enrichment analysis identified differentially expressed genes that were involved in organismal survival, tissue development, and connective tissue development and function ( p < 0.05) (Supplementary Tables S6 and S7). Datasets of our studies are available at the Gene Expression Omnibus (GEO) public repository (www.ncbi.nlm.nih.gov/geo) under accession numbers GSE48051 for trisomy 21 and GSE89782 for trisomy 18.
Discussion
Using global GE analysis of cultivated fetal amniocytes with trisomy 18 and trisomy 21, we identified the genes, biological processes, and pathways that were common to both transcriptional profiles. To the best of our knowledge, this is the first study to use global GE profiling data to identify potential common mechanisms in fetal trisomies.
Even though there was no overall trend in global expression alterations in trisomy 18 and trisomy 21, comparative analysis of differentially expressed genes identified a subset of 6 differentially expressed genes, namely OTUD5, PIAS2, ADAMTSL1, TADA2A, PPID, and MAPRE2, involved in diverse biological processes, including protein deubiquitination and sumoylation of protein p53 (OTUD5, PIAS2), proteolysis and protein folding (ADAMTSL1, PPID), chromatin remodeling (TADA2A), and in addition, microtubule binding and the role in the proliferative control of normal cells (MAPRE2 in induced pluripotent stem cells (Hibaoui et al., 2014) , in fibroblasts and lymphoblastoid cells (Sullivan et al., 2016) , human embryonic kidney cells (Wu et al., 2016) . Abnormal apoptotic processes were also observed in trisomy 18. Notably, Koide et al. (2011) compared the global GE of cell-free fetal RNA in the amniotic fluid of mothers pregnant with trisomy 18 and euploid fetuses and found that genes that were relevant to the cell death network were downregulated in trisomy 18 samples. There is an increasing body of evidence that histone acetylation is involved in chromatin remodeling, which in turn influence biological processes, including apoptosis (Fullgrabe et al., 2010) . Using IPA enrichment analyses, we also found that genes that play a role in cell death and survival and in organismal survival were significantly overrepresented in differentially expressed datasets of studied trisomies, which is in agreement with earlier studies (Hibaoui et al., 2014; Koide et al., 2011; Sullivan et al., 2016; Zhao et al., 2016) .
Our data showed downregulation of OTUD5, which acts as a cofactor in the activation of p53 in the DNA damage response (Luo et al., 2013; Park et al., 2015) and which might be related to the dysregulation noted above. In line with this, we found evidence of inhibition of the OTUD5 gene via its downstream targets, suggesting that the p53 pathway is downregulated. Inhibition of the p53 pathway might be a mechanism that is strongly associated with a tolerance for an aneuploid genome (Thompson and Compton, 2010) . Inhibition of TP53 gene via dysregulation of the PI3K/AKT pathway, as observed in our study, was demonstrated previously in a postmortem analysis of brain tissue of subjects with trisomy 21 (Perluigi et al., 2014) .
In this study, we provide evidence that several mechanisms that are involved in apoptosis and cell proliferation are dysregulated in both trisomies 21 and 18. Interestingly, these same mechanisms might also be involved in the pathogenesis of cancer, revealing a potential biological basis for the increased risk of cancer in patients with trisomies (Ganmore et al., 2009; Nizetic and Groet, 2012) .
Among the differentially expressed genes, we identified genes involved in the ubiquitination process in both trisomies, highlighting the importance of the superior hierarchical biological processes, such as protein ubiquitination regulation, protein/cellular catabolic regulation, and protein modification regulation. Rozovski et al. (2007) demonstrated that protein ubiquitination was enriched for genes that were differentially expressed in trisomy 21. A related study showed that the level of protein ubiquitination is reduced in human trisomy 21 lymphoblastoid cells (Granese et al., 2013) . In contrast, a recent study showed that fibroblasts in trisomy 21 exhibit increased protein ubiquitination and disruption of the proteostasis network and accumulation of misfolded proteins (Aivazidis et al., 2017) .
However, there are no data on the association between protein ubiquitination and trisomy 18 in humans, and the role of ubiquitination in the trisomy 21 or 18 molecular phenotypes remains to be determined. A recent study suggested that even minor genetic changes, such as pathogenic variants associated with monogenic phenotypes, can impair proteinprotein or protein-DNA interactions via increased chaperone-ubiquitin-proteasome system activity (Sahni et al., 2015) . In addition, we detected overexpression of the PPID gene, which is involved in protein folding and apoptosis ( Jandova et al., 2013) .
Using enrichment analysis approach, we identified several mechanisms that were associated with trisomy 18 and trisomy 21 that might be implicated in the resilience mechanisms of the cells and help them resist genomic imbalances. A study by Gao and Barabasi (2016) showed that the behavior of the complex system might be modeled by the regulatory dynamics equation and that the system collapses upon introduction of a significant perturbation. This phenomenon is described by universal resilient function that predicts the behavior of the complex system and is independent of the network structure or the nature of the perturbation (Gao and Barabasi, 2016) . Resilience mechanisms might provide insights into the pathogenic mechanisms in trisomy syndromes, which are crucial for designing new therapeutic approaches. Nevertheless, while observing common mechanisms in two models, trisomy 18 and trisomy 21, it is difficult to discriminate between common expression profile related to shared phenotypic characteristics and expression profiles related to resilient mechanisms.
We used a conservative approach to investigate common differentially expressed genes in both trisomies to determine common dysregulated pathways. However, there are some limitations in our study: first, results are based on cultivated amniocyte samples. Cultivation process might influence the actual GE, although to culture the cells provides a more homogeneous environment, as the transcriptome profile is responding to the culture conditions and not to the natural challenging environment. Nevertheless, we have speculated that the impact of an extra chromosome, such as trisomy 18 or 21, on the DGE would greatly overcome the effects of the in vitro cell cultivation or type of the tissue investigated.
Second, exploring high-dimensional data poses a statistical challenge, since the number of samples is extremely lower than the number of testing genes, which can result in false-positive detection. Third, small effect sizes of genes associated with the disorder can remain undetected in the background or statistical noise. Fourth, the studies of the RNA expression patterns are very delicate and variations can be found between technical replicates and when samples are processed in multiple batches. The analyses for both two datasets were performed separately and might be confounded by batch effect.
In conclusion, we show in the present study that trisomies 18 and 21 share common expression signatures, implying that potential common mechanisms of resilience might be activated in aneuploid cells to resist large genomic imbalances. Studies comprising other trisomies might further clarify common mechanisms activated in trisomy syndromes.
